In recent years, the sensitivity of gradient-echo MRI se-phase distribution which-at a given echo time-emerges quences to magnetic field inhomogeneities and tissue suscep-from a corresponding field or frequency distribution. Figures tibility differences has found an increasing number of appli-1 and 2 show gradient-echo images of a water phantom cations ranging from an assessment of trabecular bone struc-and the brain of a healthy human subject (informed written ture to monitoring intravascular contrast agents or consent), respectively, that have been acquired in the abvisualizing brain function. In particular, gradient-echo MRI sence and presence of macroscopic magnetic field gradients. sequences sensitized to alterations of cerebral blood oxygen-The images were obtained at 2.0 T (Siemens Magnetom ation (CBO) have resulted in exciting new tools for high-SP4000) with use of the standard imaging head coil, together resolution mapping of human brain activation. The underly-with spin-density-weighted RF-spoiled FLASH sequences ing ''functional contrasts'' are due to regional and transient with T * 2 sensitivity under conditions that are identical to changes in the concentration of deoxyhemoglobin. Although those commonly employed for CBO-sensitive functional many studies have addressed the physiologic origin of MRI brain mapping in this laboratory (3, 4). susceptibility contrasts and developed models of underlying
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In the absence of a gradient, Figs. 1a and 2a exhibit a magnetic field (or frequency) distributions, little attention certain degree of inhomogeneity-induced signal loss that has been paid to the way in which such effects become originates from intravoxel dephasing at the relatively long modulated by the imaging process itself. As a consequence, gradient-echo time. The images serve as references for the the influence of the slice-selection gradient on pertinent gra-effects of a gradient along the frequency-encoding axis dient-echo images has been largely overlooked.
( Figs. 1b and 2b) , the slice-selection axis (Figs. 1c and 2c ), In a previous study, the signal loss of a gradient-echo and the phase-encoding axis . In image that stems from an additional macroscopic magnetic line with previous investigations (1, 2), a further reduction field inhomogeneity was entirely attributed to a miscalibra-in MRI signal intensity was only seen for the miscalibrated tion of the slice-selection gradient (1). More recently, we gradient in the slice direction. A gradient in the frequencyhave identified the strength of the slice-selection gradient as encoding axis results in stretching or shrinking of the object a factor determining the quality of functional difference along that dimension (depending on relative signs), while maps (2). Here, we further strengthen the analysis of suscep-its application along the perpendicular phase-encoding directibility contrasts by discussing the influence of all three im-tion rotates the effective read gradient to an oblique axis. aging gradients. We demonstrate that, in general, gradient-By comparing respective image raw data sets in Fig. 3 , it is echo MRI signal changes reflect contributions not only from seen that inhomogeneity components in the frequency-and ''intravoxel dephasing,'' but also from incomplete refocus-phase-encoding direction shift the gradient echo along correing of the slice-selection gradient. Moreover, while intra-sponding directions in k space. Fourier transformation results voxel dephasing originates from an increase in broadness of in altered signal phases, but does not lead to signal loss in the underlying field or frequency distribution, incomplete magnitude images. Of course, if very strong inhomogeneities slice refocusing results from an offset in its mean frequency. push a major portion of the echo outside the acquisition
In a first step, we experimentally confirm that a homoge-window, the loss of low spatial frequencies results in a comneous shift of the entire frequency distribution results in plete lack of gross structures and a concomitant edge ensignal reduction due to incomplete slice refocusing as it is hancement (e.g., see Figs. 1e, 1f and 2e, 2f) . This phenomeless known than signal loss due to vectorial summation over non has already been noted for strongly asymmetric echoes an ensemble of nuclear spin moments with a broadened along the frequency-(5) or phase-encoding direction (6, 7). In a second step, we summarize our experimental understanding of inhomogeneity-related signal losses in gradient- echo MRI in an integrated perspective. As indicated in Table preclude most spins from refocusing as it causes a net phase offset that further increases with echo time. 1, a magnetic field inhomogeneity may alter the field or frequency distribution of nuclear spin moments in an image Intravascular susceptibility changes in human brain that are associated with activation-related changes in deoxyhemvoxel in two ways, i.e., by changing its broadness and by shifting its mean value. Although details depend on the ac-oglobin concentration cause both a change in broadness (8-12) and mean (13, 14) of the field or frequency distribution tual mechanism, such alterations generally occur in all three spatial dimensions and therefore independently affect the of affected spins. Although the relative importance of respective MRI signal changes depends on a large number of unimaging gradients. As far as frequency-and phase-encoding gradients are concerned, intravoxel signal changes are en-known variables, the slice-selection process is expected to be particularly sensitive as it benefits from both intravoxel tirely due to a change in broadness of the frequency distribution, while a change in mean frequency shifts the echo posi-dephasing and incomplete slice refocusing and thus may be exploited to amplify CBO-related signal alterations. For tion and leads to geometric distortions during image reconstruction. Conversely, however, both types of distribution example, these considerations have consequences for optimizing volume coverage in CBO-sensitive functional brain changes alter the MRI signal intensity when present in the slice-selection direction. While intravoxel dephasing is often mapping as multislice approaches are likely to be preferable over 3D imaging. This is a consequence of the fact that in even stronger than in the frequency-and phase-encoding direction as section thickness usually surpasses in-plane 3D gradient-echo MRI both the 2D and 3D phase-encoding gradient may at least partially compensate for magnetic field voxel dimensions, a shift of the entire distribution may easily 
